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Abstract
A new and relatively simple procedure to purify NO reductase from Paracoccus denitrificans by using the detergent
lauryl maltoside has been developed. The purified enzyme consists of two subunits according to SDS polyacrylamide gel
electrophoresis. Analysis of the content of prosthetic groups indicates the presence of non-haem iron in addition to the
presence b and c cytochromes yielding a stoichiometry of haem brhaem crnon-haem irons2:1:1. The optical spectrum of
reduced NO reductase shows bands of low-spin haem c and haem b with a-band absorbance maxima at 551 nm and 558
nm, respectively. The optical spectrum of oxidized NO reductase shows a broad absorbance band around 590 nm which
 .disappears upon reduction. This latter absorbance is ascribed to a high-spin haem b charge-transfer transition. The
presence of high-spin haem b is also indicated by the shifts observed in the optical spectrum of oxidized NO reductase in
the presence of NO or in the spectrum of reduced enzyme after addition of CO. The main features of the EPR spectrum of
 .the oxidized enzyme are resonances from a highly anisotropic low-spin haem b g s3.53 and from an anisotropicz
low-spin haem c with g s2.99, 2.28, 1.46, the two haems being present in an approximate 1:1 stoichiometry. Minorz , y , x
 .signals representing about 1% of the enzyme concentration due to high-spin haem b gs5.8–6.2 and a novel type of
signal with gs2.009 ascribed to high-spin non-haem ferric iron were also observed. The analysis of steady-state kinetic
measurements of the NO reductase activity shows a sigmoidal relation between rate of NO reduction and NO concentration,
consistent with a model describing sequential binding of two molecules of NO to the reduced enzyme. At high NO
 .concentrations substrate inhibition occurs K s13.5 mM suggested to be due to binding of NO to oxidizediapparent.
enzyme. The absence from the EPR spectrum of signals originating from ferric non-haem iron and ferric high-spin haem b
in stoichiometric amounts with respect to the enzyme concentration is suggested to be due to an antiferromagnetic coupling
between these two centers. The steady-state kinetic behaviour and the optical and EPR spectroscopic properties of the NO
reductase are incorporated into a tentative structural and mechanistic model.
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1. Introduction
Denitrification is the process in which oxy anions
of nitrogen are converted to dinitrogen. The proper-
ties of the enzymes involved in denitrification and the
regulation of their expression are best characterized
in the gram-negative bacteria Pseudomonas stutzeri
and Paracoccus denitrificans and the closely related
.  w xThiosphaera pantotropha see 1–5 for recent re-
.views . Denitrification does, however, also occur in
w x w xgram-positive bacteria 6 , in archaebacteria 7 and in
w xfungi 8 . In gram-negative bacteria, complete denitri-
fication requires a nitraternitrite antiporter to allow
 w x.for uptake of nitrate into the cytoplasm cf. Ref. 1 .
Nitrate is reduced to nitrite by the nitrate reductase at
the cytoplasmic face of the cytoplasmic membrane.
Thereafter nitrite is transported to the periplasm where
the remaining reduction steps to dinitrogen occur.
The redox reactions of denitrification are:
NOyqUQH NAR, nitrate reductase3 2
y“NO qUQqH O2 2
y 2q q qNO qc rCu q2H NIR, nitrite reductase2
3q“NOqH Oqc r2
2qCu
2q q2NOq2c q2H NOR, NO reductase
3q“N OqH Oq2c2 2
2q qN Oq2c q2H NOS, N O reductase2 2
3q“N qH Oq2c2 2
in which c stands for cytochrome c and Cu for the
blue-copper protein pseudoazurin. Although the pres-
ence of NO as a free intermediate has been ques-
tioned for a long time there is strong direct evidence
that NO is a kinetically competent intermediate, its
steady-state concentration varying between 1–65 nM,
w xdependent on the species 9–11 . The reducing equiv-
alents consumed in the reduction of nitrate to dinitro-
gen are derived from ubi- or menahydroquinone ei-
ther directly as in the reduction of nitrate to nitrite, or
indirectly in the other steps via the membrane-bound
bc -complex which reduces c-cytochromes andror1
possibly blue-copper proteins like pseudoazurin. Part
of the free energy of the reduction of nitrate to
dinitrogen is converted into a proton-motive force
across the cytoplasmic membrane owing to the elec-
trogenic reduction of nitrate by the membrane-bound
nitrate reductase and the electrogenic action of the
bc -complex. From a physiological point of view,1
denitrification is the anaerobic counterpart of the
mitochondrial and bacterial aerobic respiratory chains
— i.e., the removal of reducing equivalents gener-
ated in metabolism is coupled to the generation of a
proton-motive force which can be used to drive ATP
synthesis, the transport of metabolites or satisfies
other bioenergetic demands of the cell.
The expression of enzymes specifically involved in
w xdenitrification are subject to control 1–3,5,12–14 .
Except in T. pantotropha, a close relative of Pa.
denitrificans, which displays both aerobic and anaer-
w xobic denitrification 12 , the enzymes of denitrifica-
tion are induced exclusively under anaerobic condi-
tions in the presence of nitrate.
The primary sequences of the enzymes involved in
denitrification from various sources have been deter-
mined from the DNA sequences of the corresponding
 w xstructural genes see Refs. 1–3,5 and references
.therein . In total, approx. 40 genes are necessary to
carry out denitrification. These include the structural
and regulatory genes and genes for the biosynthesis
of specific prosthetic groups. The properties of the
two types of nitrate reductases, of the two different
types of nitrite reductase and of the periplasmic N O2
reductases have been discussed recently in detail
w x5,15 .
NO reductase is the least characterized enzyme
involved in denitrification. NO reductase is a mem-
brane-bound enzyme and has been purified in the
w xpresence of detergent from P. stutzeri 16 , Pa.
w xdenitrificans 17,18 , Achromobacter cycloclastes
w x19 and recently at a very small scale from Th.
w xpantotropha 20 . The purified enzyme apparently
consists of two subunits, one with molecular mass of
16 kDa carrying haem c, one carrying haem b with
apparent molecular mass of about 35 kDa. The two
haems have been reported to be present in a 1:1 ratio
w xin Pa. denitrificans and P. stutzeri 16,21 and in 2:1
 . w xbrc ratio in T. pantotropha. 20 . Direct informa-
tion on the mechanism of action of the enzyme is
lacking, but suggestions on the mechanism have been
w xmade 4 .
Recently, the gene encoding the NO reductase
w xfrom P. stutzeri has been sequenced 22 and also
w xthat of Pa. denitrificans 23 . The primary sequence
of the cytochrome b subunit indicates a highly hy-
( )P. Girsch, S. de VriesrBiochimica et Biophysica Acta 1318 1997 202–216204
drophobic enzyme with 12 membrane-spanning he-
lices. A structural similarity between this subunit of
NO reductase and between subunit I of cytochrome-c
oxidase or, more generally, between subunit I of the
members of the so-called superfamily of haem-copper
w xoxidases has been noted 24–26 . Both NO reductase
and the oxidases are suggested to contain a similar
pattern of membrane-spanning helices and at least
w x.cytochrome-c oxidase does so 27–29 . Furthermore,
six histidine residues which coordinate to the pros-
thetic groups in cytochrome-c oxidase are conserved
in the primary sequence. Three histidine residues
serve as ligands to the high-and low-spin heme cen-
w xters and three are coordinated to Cu 27–29 andB
w x .Ref. 30 for an overview in the oxidases. Both
 . high-spin haem b and low-spin haems haem b and
.c may actually be present in NO reductase, but
w xcopper is not 16,22 . Within the superfamily of
haem-copper oxidases, NO reductase shows the high-
est degree of sequence similarity with the so-called
w xcbb -type or cb-type oxidases 24,25,31,32 which3
are usually expressed under semi-anaerobic condi-
tions. The cb-type oxidases lack Cu , contain CuA B
and also contain several c-type cytochromes and
b-type cytochromes.
The similarity in primary structure suggested to
exist between NO reductase and the superfamily of
haem-copper oxidases is intriguing and the question
is whether this similarity extends to their respective
w xmechanisms of action 33–36 . For example what are
the similarities and differences between oxygen re-
duction chemistry and NO reduction chemistry, is
NO reductase like the haem-copper oxidases capable
to couple the reduction of two molecules of NO to
the formation of a membrane potential andror to
w xproton translocation or not 3–5,37,38 .
To answer these questions procedures to routinely
produce pure NO reductase are required. Current
procedures to purify Pa. denitrificans NO reductase
yield small amounts of relatively impure enzyme
w x17,18 . In this paper a new and relatively simple
intermediate scale procedure to purify NO reductase
is described. The purified enzyme is shown to contain
stoichiometric amounts of non-haem iron in addition
to the b and c cytochromes. Some aspects of the
steady-state NO reduction kinetics are presented as
well as the optical and EPR spectroscopic properties
of the oxidized NO reductase. On basis of these
findings a structural and mechanistic model for NO
reductase will be presented.
2. Materials and methods
2.1. Growth of Paracoccus denitrificans
 .Paracoccus denitrificans Pd 1222 was grown
 .anaerobically with succinate 25 mM as carbon
 .source and nitrate 50 mM as terminal electron
w xacceptor in the medium described in 39 in 120 litre
 .batch cultures at 308C with pH control pH 7.0 . The
120 l batch was inoculated from an anaerobic precul-
ture of 5 l which was allowed to grow for 24 h.
Similarly, the 5 l preculture was obtained after inocu-
lation from an anaerobic 1 l culture and grown for 24
h. The 1 l culture was obtained by inoculation from
an aerobic BHI agar plate. Normally, it took about
2–3 days before denitrification was induced as evi-
denced by the formation of nitrogen bubbles in the
culture. At OD s1.0 the 1 l culture was used600 nm
for inoculation. In all culture media except for the
120 l batch culture, rifampicin was present at 20
 .mgrml. Cell yield was 7.1 g wet weight per litre
culture.
2.2. Preparation of membranes
After harvesting and centrifugation for 15 min at
5000=g, the cells were stored as a pellet at y408C.
For use the cells were thawed and washed once with
 .excess Tris buffer 200 mM Tris-HCl, pH 8.0 . Por-
 .tions of 200 g of cells wet weight were diluted with
200 ml Tris buffer, 10 mM MgSO ; solid DNAse4
was added and the cells were subsequently broken by
passing them twice through a French Pressure Cell at
10 MPa. The solution was centrifuged at 5000=g
for 10 min. Subsequently, the supernatant was cen-
trifuged at 175 000=g for 90 min. The red pellet,
mainly membranes, was washed once with 50 mM
 .Tris-HCl pH 8.0 and centrifuged as before.
The membranes were further purified by sonica-
tion. Membranes, at 10 mgrml of protein, were
 .suspended in 50 mM Tris-HCl pH 8.0 , 150 mM
KCl and sonicated four times for 15 min in portions
of 50 ml, while the suspension was cooled in ice.
Subsequently, the membranes were centrifuged as
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described before and washed once with excess 50
 .mM Tris-HCl pH 8.0 and finally dissolved in this
buffer and stored at y408C until use.
2.3. Purification of NO reductase
The purification was carried out at 48C except for
chromatography on hydroxyapatite which was per-
 .formed at room temperature 21"28C . NO reduc-
tase was purified from sonicated membranes. Soni-
cated membranes were suspended to 10 mgrml of
 .protein in 50 mM Tris-HCl pH 8.0 , 0.02% phenethyl
alcohol and cooled in ice. While stirring, lauryl mal-
toside was added to a final concentration of 0.6%
 .from a 10% wrv stock solution. After incubation
for 15 min on ice the solution was centrifuged at
175 000=g for 60 min. The clear supernatant was
applied to a DEAE-Biogel A column a column
volume of 100 ml per gram of protein extracted was
.  .used equilibrated with 50 mM Tris-HCl pH 8.0 ,
0.02% lauryl maltoside, 0.01% phenethyl alcohol.
The column was washed with 1.5 column volumes
with this buffer before a linear NaCl gradient 0–0.5
.M was applied over 5 column volumes. Active
fractions i.e., those with activity )40% of the peak
.fraction eluting between approx. 0.3–0.4 M NaCl
were pooled and concentrated in Amicon 30K con-
centrator centripreps to about 5 ml.
The concentrated solution was applied to a
 . Sephadex G 25 Medium or Fine column 50–100
.ml equilibrated with 100 mM KH PO rK HPO2 4 2 4
 .pH 7.0 , 0.02% lauryl maltoside, 0.01% phenethyl
alcohol in order to remove salt and exchange the Tris
buffer for phosphate. The red fractions were pooled,
brought to 0.1% in lauryl maltoside and applied to a
Bio-Scale Ceramic CHT20-I Hydroxyapatite column
 .B io -R ad equ ilib ra ted w ith 100 m M
 .KH PO rK HPO pH 7.0 , 0.05% lauryl maltoside,2 4 2 4
0.01% phenethyl alcohol. After washing with 2 col-
umn volumes a linear phosphate gradient 0.1–1.0
.M was applied. Although NO reductase tends to
smear, most of the enzyme was recovered at high
purity in the fractions eluting at 0.8–0.9 M of phos-
phate.
Pooled fractions were concentrated as described
before and subsequently desalted in 0.5 ml portions
 .on a PD10 column Pharmacia equilibrated with 20
 .mM KH PO rK HPO pH 7.0 , 0.05% lauryl mal-2 4 2 4
toside. Before application to the PD 10 column, the
concentrated protein was incubated for 15 min on ice
with 5 mM CDTA, to remove adventitious iron, and
1 mM potassium ferricyanide, to oxidize the enzyme.
Red fractions, omitting the tail fractions, were pooled
and concentrated as described above. This concen-
trate constitutes the final preparation.
2.4. Enzyme acti˝ity assay
Continuous NO reductase activity measurements
were made with a Clark electrode polarized at 0.85 V
or with an ISO-NO electrode from World Precision
Instruments. The Clark electrode was used for studies
w x  .at high NO 10 mM–100 mM , the ISO-NO elec-
trode for measurements below 20 mM NO. The Clark
electrode also responds to the N O formed in con-2
.trast to the ISO-NO electrode , but at 0.85 V polar-
ization voltage the sensitivity for N O is about 25-2
times lower than that for NO, yielding a final signal
 w x.amplitude at zero NO that was 2% or less than
that of the initial response. NO reductase activity
measurements were recorded with both electrodes
simultaneously yielding very similar traces; differ-
w xences between traces at the lower NO are due to
some sensitivity of the Clark electrode for N O and2
 .also due to its longer response time f10 s com-
 .pared to that of the ISO-NO electrode f3 s . Note
in Fig. 5 that the shape of the activity trace is
sigmoidal and that the highest activity, which is
5–10-times higher than the initial activity, occurs at
about 4–5 mM NO.
The reaction vessel was cylindrical in shape 3 cm
.long=1.35 cm inner diameter . The Clark electrode
was fitted from the bottom and stirring occurred from
the side with a magnetic stirrer. The reaction vessel
was closed with a movable cylindrical stopper —
made gas tight with a rubber O-ring — in which the
ISO-NO electrode was fitted and in which a small
hole was bored that served as the entry port for the
gasses as well for other additions made with a Hamil-
ton syringe.
Measurements were made as follows. The reaction
vessel was filled with about 3 ml of buffer 20 mM
 .phosphate pH 6.0 , 10 mM ascorbate, 100 mM PMS
.and 20 mM horse heart cytochrome c , the stopper
was placed on top of the vessel allowing a few
millimeters of headspace to be present and nitrogen
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was bubbled through the solution via a small needle
through the entry port until anaerobiosis was obtained
as registered by the Clark electrode. Subsequently
gaseous NO was bubbled through the solution from a
95% Her5% NO containing cylinder until a stable
 .reading on both electrodes was obtained indicating
saturation of the solution with NO at this pressure.
The needle was removed and the stopper was slowly
moved downward while taking care that HerNO gas
present in the headspace escaped via the entry port
until the stopper reached the surface of the solution.
The stopper was subsequently moved downward to
the point were the reaction volume was equal to 2 ml.
The reaction was now started by the addition of
enzyme.
Reaction temperature was 218C"18C. Taking a
value of 2 mM for the solubility of NO under these
conditions, equilibration with a 95% Her5% NO gas
mixture corresponds to a maximum solubility of 100
mM NO in solution, a value which was routinely
used to calibrate the extent measured on the recorder
and used in all calculations described here. Indepen-
dent measurements of the recorder sensitivity in which
aliquots of saturated solutions of pure NO were
titrated showed linear response of the Clark electrode
and the ISO-NO electrode up to 150 mM NO and
w xyielded values for NO within "15% of those deter-
mined with the 95% Her5% NO gas mixture.
The enzyme activities reported in the Table 1 were
measured at the point of maximal slope in the trace
 .see, e.g., Fig. 5 . This way of measuring the activity
leads to errors of "20% between duplicate determi-
nations.
2.5. Analytical determinations
Non-haem iron was determined using the ferene
w xmethod 40 except that the heating step was omitted
because it led to the formation of a precipitate. The
amount of iron present in the buffer used for the
PD10 column was less than 15% of the total amount
of iron and was subtracted from the total amount of
iron determined for the NO reductase preparation.
Pyridine haemochrome was determined exactly as
w xdescribed in 41 calibrating the wavelength scale
with the pyridine haemochrome spectra of horse heart
cytochrome c and of beef hemoglobin. Protein was
determined using the BCA Protein Assay Reagent of
Pierce.
2.6. Materials
Column materials were from Pharmacia except the
Bio-Scale Ceramic CHT20-I Hydroxyapatite column
which was from Bio-Rad. N , NO and the HerNO2
mixture were from Air Products. Lauryl maltoside
was from Anatrace.
2.7. Miscellaneous
Optical spectra were recorded with an SLM Am-
inco DW-2000 spectrophotometer or an HP-8452
photodiode array spectrophotometer. EPR spectra
were recorded with a Varian E-9 spectrometer
equipped with a home-built He-flow system. Prior to
freezing, samples were made anaerobic to remove
oxygen which, in wide field scans, yields signals for
.example at gs1.5 that interfere with g -resonancesx
of low-spin haem centers. Polyacrylamide SDS gel
 .electrophoresis 8–25% gradient gel was performed




NO reductase could be purified from the mem-
branes of anaerobically grown Pa. denitrificans us-
ing the detergent lauryl maltoside for extraction and
solubilization followed by anion-exchange chro-
matography and chromatography on ceramic
 .hydroxyapatite see Section 2 and Table 1 .
Membranes were sonicated before detergent ex-
traction because their purity increased by 20–30% as
judged from the increase in specific activity data not
.shown . The NO reductase activity was found to be
quite stable in lauryl maltoside, even though after the
first addition of the detergent the enzyme activity
dropped by about 40%. This may be the result of
 .partial delipidation. More than 90% of the enzyme
activity could be reproducibly extracted with a con-
centration of 0.6% lauryl maltoside, provided that
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care was taken to bring the protein to a concentration
of 10 mgrml. Anion-exchange chromatography was
tested with several different DEAE-type columns such
as DE-52, DEAE-Sephacel, DEAE-Sepharose and
DEAE-Biogel A. The yield on the first three DEAE-
 .types were generally low -15% mainly due to the
tendency of the protein to smear. Elution on DEAE-
Biogel A yielded in general 35–45% of the NO
reductase activity in the pooled peak fractions cf.
.Table 1 .
For further purification several types columns were
tried including Mono Q, hydroxyapatite non-
.ceramic . A low recovery andror poor purification
were obtained mainly caused by smearing of the NO
reductase over the column. As shown in Table 1
ceramic hydroxyapatite worked well giving both a
good yield and a good purification. The problem of
smearing could be quite well controlled on this type
of column by eluting at lauryl maltoside concentra-
tions between 0.05–0.1%.
Table 1 shows the results of a typical NO reduc-
tase purification. In general purification factors rang-
ing between 30–60 were observed, overall yields
varied between 5–15% in purifications starting with
1–5 g of sonicated membranes. Part of the spread in
these values is due to uncertainties inherent in the
 .activity measurements see Section 2 . In most cases
the purification factor of the DEAE-Biogel A column
was somewhat higher than that in Table 1 and that of
the hydroxyapatite column correspondingly lower.
The purity as indicated by the SDS gel pattern in
Fig. 1 was constant between preparations. The SDS
gel shows two main bands with apparent molecular
masses of 37 kDa and 17 kDa, representing the
cytochrome b and the cytochrome c subunits, respec-
w xtively 21,22 . The discrepancy between the molecu-
lar mass of cytochrome b, 52.5 kDa according to the
w xsequence of the gene 22 , and the apparent molecular
mass has been noticed before and is due to its
Fig. 1. SDS gel electrophoresis pattern of purified NO reductase.
Left lane: 1.5 mg purified NO reductase; right lane: molecular
mass standards 94 kDa, 67 kDa, 43 kDa, 30 kDa, 20 kDa and
.14.4 kDa .
w xhydrophobic character 22,42 . Boiling the sample
before electrophoresis or incubation at 378C or 658C
led to some increase in the band migrating with an
apparent molecular mass of 65 kDa and to aggrega-
 w x.tion of cytochrome b cf. 42 . A minor band in
addition to the two main bands with molecular mass
of 22 kDa was also present in the preparations.
3.2. Analysis of the content of prosthetic groups
Pyridine haemochrome determination of the puri-
fied enzyme indicated the presence of haem b and
haem c in an approximate 2 to 1 ratio. Furthermore,
colorimetric determination of non-haem iron indi-
cated an amount similar to the amount of haem c.
Assuming one haem c per NO reductase, the follow-
ing stoichiometry was determined: haem crhaem
brnon-haem Fes1.0:2.01 "0.07:1.14"0.10. No
copper or haem a were detectable in the final enzyme
preparation.
Table 1
Purification scheme of NO reductase from sonicated membranes
 .  .  .Step Total protein mg Specific activity mmol NOrmgPmin Yield % Purification
Membranes 2000 0.59 100 1.0
High-speed supernatant 664 0.83 47.1 1.4
DEAE-Biogel A 186 1.24 19.6 2.0
HydroxyapatiteqPD10 4.2 25.8 9.2 43.5
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The haem c content of the final preparation was
13.8 nmolrmg protein. The purity of the enzyme
based on the haem c content is 96% assuming a total
molecular mass of 69.5 kDa as calculated from the
w xDNA sequence 23 .
3.3. Optical spectroscopy
Fig. 2 shows the room temperature absolute optical
spectra of purified NO reductase in the oxidized state
and fully reduced using dithionite. The spectra are
characteristic for a haemoprotein. High absorbance in
the oxidized and fully reduced enzyme in the g-band
region with maxima at 411 nm and 422 nm, respec-
tively. Contributions from c- and b-haems are not
well separated in this region of the spectrum. Sepa-
rate absorbance maxima are, however, seen in the
a-band region of the dithionite reduced enzyme
showing a maximum at 551 nm due to haem c and a
shoulder at about 558 nm due to haem b. The sharp-
ening and increase in intensity of the bands at 551
nm and 558 nm upon reduction strongly suggests that
these absorbance maxima belong to low-spin haems c
and b, respectively.
In the oxidized spectrum a broad absorbance is
observed with a maximum around 590 nm. The
Fig. 2. Absolute optical absorbance spectra of purified NO
 .reductase in the oxidized and dithionite-reduced dashed line
states. Inset shows the dithionite-reduced minus oxidized differ-
ence spectrum.
 .Fig. 3. The effect of CO upper trace on the optical spectrum of
dithionite-reduced NO reductase and the effect of NO lower
.trace on the optical spectrum of oxidized NO reductase. The CO
spectrum was obtained as follows: NO reductase was first re-
duced with dithionite and incubated for 5 min in a quartz cuvette
that can be closed with a rubber seal. After recording the
spectrum, pure CO gas was gently bubbled through the solution
for 1 min and the CO spectrum was recorded. The difference
 .  .dithionite minus dithionite plus CO is plotted. The NO spec-
trum was obtained by recording first the spectrum of an anaero-
bic solution of oxidized NO reductase in a cuvette described
above. Hereafter, pure NO gas was gently bubbled through the
solution for 1 min and the spectrum was recorded. Plotted is the
 .difference spectrum oxidized NO reductase plus NO minus
 .oxidized NO reductase .
intensity of this absorbance decreases upon reduction
with dithionite as is clearly seen in the reduced minus
oxidized difference spectrum. Based on its position in
the spectrum, its relative intensity and the effect of
reduction on its intensity, the 590 nm absorbance is
 .ascribed to a charge-transfer transition of a high-spin
w xcytochrome b 43 . A similar transition at 628 nm has
been observed in the cytochrome bo quinol oxidase
w x44 .
The presence of high-spin haem b is further indi-
cated by the effects of CO and NO on the spectra of
reduced and oxidized enzyme, respectively see Fig.
.3 . Addition of CO to the reduced enzyme leads to a
shift in the g-band position and to a slight increase in
the extinction coefficient. In the a-band region of the
spectrum the resulting difference spectrum is very
similar to that observed in the cytochrome cb-type
w xoxidases 31,32 or the cytochrome bo quinol oxidase
w x45 and similar to CO-difference spectra obtained
w xwith ferrous myoglobin or hemoglobin 46 . Addition
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of NO to the oxidized NO reductase induced a small
shift in the g-band region and led to an increase of
absorbance at 535 nm and 565 nm and to a decrease
in the 590–600 nm region of the spectrum. The
largest effect was, however, observed at 350 nm. In
addition to a change in the shape of this broad
absorbance, most notably, its intensity was increased
by about 50%.
Finally, the spectrum of dithionite reduced NO
reductase sometimes showed a broad absorbance with
low intensity around 615 nm data not shown, but cf.
w x.Ref. 20 . This band is absent in completely reduced
enzyme as obtained after two or three additions of
excess solid dithionite and after prolonged incubation
 .Fig. 2 but was clearly visible in spectra obtained
after short incubation periods or after addition of
relatively small amounts of dithionite data not
.shown .
3.4. EPR spectra of purified NO reductase
Fig. 4 shows the low-temperature EPR spectrum of
NO reductase as isolated. The spectrum shows two
signals due to anisotropic low-spin haem centers, one
with g s3.53 the corresponding g , g being toz y x
.broad to be observed and one with g s2.99, g sz y
2.28, g s1.46. The signal with g s3.53 is highlyx z
anisotropic and has an asymmetric line shape very
similar to the EPR signal of cytochrome b of theL
w xbc complex 47,48 ; the signal is proposed to origi-1
nate from a low-spin haem b with bis-histidine coor-
dination. The signal with g s2.99, 2.28, 1.46 isz ,y,x
ascribed to low-spin haem c with histidine-methionine
coordination. The amount of haem c determined from
 .the EPR spectrum employing single-peak g inte-z
gration is similar to that determined by the pyridine
Fig. 4. EPR spectra of purified NO reductase in the oxidized
state. The numbers above and below the resonances are approxi-
mate g-values. Upper spectrum is a wide scan; lower spectrum is
a blow-up of the g s2.0 region showing the new signal ascribed
to non-haem high spin ferric iron. See text for further details.
Experimental conditions: frequency, 9.235 GHz; modulation am-
 .  .plitude, 1.6 mT upper , 0.5 mT lower ; microwave power, 0.8
mW; temperature, 11 K.
Table 2
EPR parameters of NO reductase
aSpecies g-value Concentration Stoichiometry
Low-spin haem c 2.99, 2.28, 1.46 230.8 mM 1.00
Low-spin haem b 3.53 163.8 mM 0.71
High-spin haem 6.2–5.8 -2.4 mM 0.01
3qNon-haem Fe 2.009 2.7 mM 0.01
3qAdventitious Fe 4.3 -0.8 mM
a The concentration haem c determined by the pyridine haemochrome method of the preparation used for EPR studies was 222.0 mM,
 .that of haem b 430.5 mM brcs1.94 .
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 .haemochrome method see Table 2 , the amount of
cytochrome b calculated by integrating the area un-
der the asymmetric g s3.53 resonance and usingz
w xthe procedure outlined in 47 accounts for 0.71 haem
per haem c.
The gs4.3 signal is due to high-spin adventitious
iron. The signal around gs6.0 is due to a small
amount of high-spin haem iron.
The signal with an apparent g-value at gs2.009
 .is a new type of signal Fig. 4, lower trace . Some
structure or ‘asymmetry’ is visible in the signal. Its
apparent g-value is outside the range normally ob-
 .served for organic radicals 2.000–2.005 . Further, its
rate of relaxation is very high, unlike that of an
organic radical; i.e, the signal was not saturated at
 .full microwave power 200 mW at 15 K. This latter
property and the apparent g-value suggest that the
signal is due to high-spin, non-haem iron. The M qS
1r2|M y1r2 transition of such a 3d5 iron centerS
in a tetrahedral or octahedral environment is known
to yield an almost isotropic signal close to gs2 in
case the Zeeman interaction is the leading term in the
w xspin Hamiltonian 49 . The positions of the other
possible transitions, M "1r2|M "3r2 and MS S S
"3r2|M "5r2, are dependent on the value ofS
w xthe cubic splitting parameter a 49,50 . These transi-
tions are not likely to be observed in a powder
spectrum at this low concentration. Small deviations
from perfect cubic symmetry would introduce more
terms in the spin Hamiltonian such as zero-field
terms described by the parameters D and E. As long
as these parameters are small compared to the Zee-
man interaction, the EPR spectrum might actually
show some structure or asymmetry as observed for
the gs2.009 species.
Quantitation of the gs6.0 and the gs2.009
signals indicates that they are minor components see
.Table 2 . After reduction by excess dithionite the
EPR signals present in Fig. 4 disappeared cf. Ref.
w x.16 .
3.5. Steady-state kinetics of NO reductase
An example of an NO consumption trace at high
 .concentration of NO 100 mM recorded with the
Clark electrode is shown in Fig. 5A. Such a sig-
moidal shape of the curve is displayed by NO reduc-
tase present in membranes as well as in purified
Fig. 5. Experimental NO consumption traces at high concentra-
 .tion of NO recorded with the Clark electrode A and at low
 .concentrations of NO recorded with the ISO-NO electrode B . In
trace A the arrow marks the addition of an aerobic aliquot of NO
reductase; the upward deflection is due to some oxygen present
in the aerobic NO reductase preparation which is subsequently
rapidly reduced by the NO leading to an initial rapid downward
deflection. The rest of the trace shows the enzymic reduction of
NO. In trace B only the last part of the NO consumption trace is
shown. Closed circles in trace B indicate points where slopes
were measured in order to calculate the rate. See also Section 2
for experimental details.
preparations containing the detergent lauryl malto-
side. The characteristic sigmoidal shape of the curve
is independent of pH. The curvature of the activity
trace indicates that the enzyme is inhibited at high
concentrations of the substrate NO. As the concentra-
tion of NO decreases, the rate increases up to a
maximum and finally decreases due to depletion of
NO. The latter decrease is more clearly seen in Fig.
5B, recorded with the ISO-NO electrode at low -5
.mM NO concentrations.
The steady-state activity of NO reductase was not
affected by N O at 2 mM nor by azide or cyanide2
 .  .0.5 mM or by EDTA or CDTA 5 mM . Addition
 .of lauryl maltoside 0.6–1.0% to membranes prior to
measurement of the activity resulted in an inhibition
by about 40%.
The steady-state kinetic properties of NO reductase
as present in membranes were analysed from kinetic
traces as shown in Fig. 5 by measuring the slope at
w xdifferent times and plotting these as rate versus NO
for low concentrations of NO or as a Dixon plot; i.e.,
( )P. Girsch, S. de VriesrBiochimica et Biophysica Acta 1318 1997 202–216 211
 . w x  .Fig. 6. Dixon plot upper and rate versus NO plot lower
calculated from traces like those shown in Fig. 5. The upper
curve contains data obtained from both the Clark electrode and
the ISO-NO electrode traces, the points in the lower curve were
measured from traces recorded with the ISO-NO electrode only.
 .The lines through the points are simulations using Eq. 4 with
 .the parameters listed in the text; a.u. , arbitrary units.
 . w x  .1r rate versus NO Fig. 6 . The latter plot indi-
cates that the substrate inhibition observed at the
higher NO concentrations is fairly well approximated
w xas competitive inhibition 51 . The plot of rate versus
w x w x  .NO at low NO Fig. 6 is sigmoidal as may be
expected for the reaction in which two molecules of
NO are required to form one molecule of N O. These2
considerations have been incorporated in the follow-
ing minimal scheme to describe the steady-state ki-
netics of NO reductase and the phenomenon of sub-
w xstrate inhibition at higher NO :
K K1 2
E qNO | E NO qNO | E NO .  .2red red red
kcat“ E qN O 1 .ox 2
E “E 2 .ox red
K i
E qNO | E NO 3 .  .ox ox
 .Eq. 1 describes the overall reaction catalysed by the
enzyme; the binding of NO is described by the two
 .equilibrium dissociation constants K and K , con-1 2
 .version to N O by k . In Eq. 2 the regeneration of2 cat
reduced enzyme by the ascorbaterPMSrcytochrome
c system is described; the rate of this reaction is
assumed to be non-rate limiting and hence does not
  ..appear in the overall rate reaction Eq. 4 . Substrate
 .  .inhibition is described in Eq. 3 by the equilibrium
inhibition constant K ; inhibition is proposed to bei
due to binding of NO to the oxidized enzyme. The
simplest rate equation based on these assumptions is:
2˝sk Per 1qK 1r NO qK r NO /cat 2 1
q NO rK 4 ./i
in which all constants should be regarded as apparent
constants. A satisfactory fit of the steady-state kinetic
data shown in Fig. 6 both for the low and the high
 .concentrations of NO using Eq. 4 was obtained with
the following set of values: K s13.5 mM; K s6.0i 1
 .mM; K s0.55 mM and k Pes12 arbitrary units .2 cat
4. Discussion
In this paper a new procedure for the purification
of NO reductase from Pa. denitrificans has been
described. Because the enzyme is an integral mem-
brane protein detergents are required for solubiliza-
tion and purification. NO reductase could be ex-
tracted from highly purified membranes with the
detergent lauryl maltoside while retaining about 60%
of its activity. Quite pure enzyme in about 10% yield
was obtained after application of anion exchange
chromatography followed by chromatography on ce-
ramic hydroxyapatite. With respect to previous purifi-
cation protocols of the enzyme from Pa. denitrifi-
cans, the procedure developed here is simpler, yields
w x w xmore protein 19 and more pure protein 17,18
enabling detailed — e.g., spectroscopic and kinetic
— studies.
The purified NO reductase from Pa. denitrificans
consists of two subunits just like the enzymes from
w xP. stutzeri and Th. pantotropha 16,19 . According to
DNA sequence analysis the enzymes from P. stutzeri
w x w xand 22 Pa. denitrificans 23 are encoded by two
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structural genes norC and norB proposed to carry
haem c and haem b, respectively. The molecular
masses for the cytochrome c and cytochrome b
subunits from Pa. denitrificans, calculated from the
DNA sequence, are about 17 kDa and 52.5 kDa,
respectively.
Two main bands with apparent molecular masses
of 37 kDa and 17 kDa are observed in SDS gel
electrophoresis pattern of the purified NO reductase
 .Fig. 1 corresponding to the cytochrome b and
cytochrome c subunits, respectively. The discrepancy
between the molecular mass of cytochrome b deter-
mined by SDS gel electrophoresis and from the DNA
sequence of the structural gene is approximately the
same as found for the enzyme from P. stutzeri and is
likely to be due to the hydrophobic character of the
w xcytochrome b subunit 21,42 . Likewise, the effect of
boiling on the enzyme from Pa. denitrificans or
incubation at elevated temperatures e.g., 378C or
.658C prior to SDS electrophoresis is similar as de-
scribed for the P. stutzeri enzyme, i.e., resulting in
the appearance of higher molecular weight bands for
 w x..example at 65 kDa cf. 21,42 or even to complete
aggregation of cytochrome b upon boiling, prevent-
 .ing its migration into the gel data not shown . The
gel pattern further shows a minor band with molecu-
lar mass of 22 kDa which could not be removed by
additional chromatography.
Analysis of the prosthetic groups indicates a stoi-
chiometry of two haems b per haem c, contrast to a
w xprevious report for the enzyme from P. stutzeri 21
in which a one to one ratio was calculated, but in
w xagreement with 19 . Further, one non-haem iron per
haem c was determined to be present in NO reductase
and no copper or haem a. The detection of stoichio-
metric amounts non-haem iron has not been reported
before. although superstoichiometric amounts of
 w x.non-haem iron f3 mol Fermol enzyme 21 were
detected in the NO reductase from P. stutzeri. In
general, NO reductase preparations from Pa. denitrif-
icans in which treatment with EDTA or CDTA fol-
lowed by gel filtration was omitted, contained 2–3
 .mol Fermol enzyme data not shown .
The optical spectrum of dithionite reduced NO
reductase shows the presence of one low-spin haem c
with an absorbance maximum at 551 nm and of at
.least one low-spin haem b absorbing at 558 nm. The
EPR spectrum of oxidized NO reductase shows three
resonances g s2.99, 2.28 and 1.46 belonging toz ,y,x
a low-spin haem c center and one resonance at
g s3.53 of a highly anisotropic haem b center.z
Quantitation of the EPR signals indicates that the
amount of the haem c represented by the g s2.99z
signal is the same as that determined with the pyri-
 .dine haemochrome method see Table 2 , whereas the
amount of haem b determined from the g s3.53z
signal is about 0.71 of the amount of haem c. It has
been shown that the single-peak quantitation proce-
dure applied to strain deformed low-spin haem sig-
nals such as performed here to quantitate the asym-
metric g s3.53 resonance can easily result in anz
w xunderestimation of the amount by 20–35% 52 . We
therefore conclude that the g s3.53 peak representsz
one low-spin haem b per NO reductase.
The CO-difference spectrum of dithionite reduced
NO reductase is very similar to that of the cy-
w xtochrome bo quinol oxidase from E. coli 43 and the
w xbc-type oxidases from Rhodobacter species 31,32 .
The effect of CO on the spectrum strongly suggests
the presence of a high-spin andror five-coordinated
haem b species. The same conclusion may be drawn
from the type of shifts obtained in the optical spec-
trum of oxidized NO reductase upon addition of NO.
The presence of a high-spin ferric haem b in the
oxidized NO reductase may also be inferred from the
absorbance at 590 nm, since a similar absorbance
band is present in high-spin metmyoglobin hydroxide
w x43 .
The chemically determined stoichiometry of haem
crhaem brnon-haem Fes1:2:1. There is good indi-
cation from the optical and EPR spectra that one of
the b-haems is in the high-spin state, the other one in
the low-spin state. Furthermore, the high-spin ferric
haem b and the non-haem iron are apparently EPR
silent. One possibility is that the non-haem iron is in
the ferrous state and therefore either diamagnetic in
case of a low-spin system or very difficult to detect
in case of a Ss2 system. EPR silence of the ferric
high-spin haem cannot be explained easily. However,
in view of the similarities between NO reductase and
various members of the haem-copper oxidase family
w xregarding the primary structure 24,25 and regarding
haem content, and in order to explain the absence of
stoichiometric amounts of high-spin haem and non-
haem iron from the EPR spectrum — as in haem-
w xcopper oxidases 53 — we propose that in the
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Fig. 7. Proposal for the structure of the haem ironrnon-haem iron
dinuclear site and tentative reaction pathway for the reduction of
NO to N O as catalysed by the NO reductase.2
oxidized NO reductase the non-haem iron center is:
 .  .  .i in the ferric state, ii is high-spin, and iii
antiferromagnetically coupled to high-spin haem b
3q  . 3qvia an oxo or hydroxo bridge; i.e., a Fe -O H -Fe
3q  . 2qbridge analogous to the Fe -O H -Cu bridge pre-
sent the cytochrome aa quinol oxidase from B.3
w x  .subtilis 54,55 see Fig. 7 . Analogous to the situa-
w xtion in oxidases 33–35 , we propose that NO reduc-
tion chemistry occurs at this dinuclear center. It is
further proposed that electrons enter the NO reduc-
tase via haem c, in the 17 kDa subunit, which can be
regarded as the functional counterpart of Cu inA
cytochrome-c oxidase.
Note that antiferromagnetic coupling of two Ss
 .5r2 spins leads to a diamagnetic Ss0 groundstate,
whereas ferromagnetic coupling results in a Ss5
groundstate. In the latter case a signal at approx.
gs20 might be present in the EPR spectrum. Such a
signal has not been observed so far, but its intensity
might be so low that it could only be detected by
parallel-mode EPR spectroscopy. Evidence favouring
antiferromagnetic coupling may come from the prop-
erties of a compound recently synthesized which may
serve as a model for the dinuclear center in NO
w xreductases 56 . This model compound is an oxo-
bridged high-spin haemrhigh-spin non-haem iron
complex with a pronounced Fe3q-O-Fe3q bending
around the O-atom of 157.38 and shows antiferro-
w xmagnetic coupling 56 .
The EPR spectrum of oxidized NO reductase pro-
vides some indication for the presence of high-spin
 .haem iron gs5.8–6.2 and of high-spin non-haem
 .iron gs2.009 . Although the amount represented
by both signals is substoichiometric and it cannot be
ruled out that these signals are due to impurities
andror denatured NO reductase, the possibility exists
that they are derived from an ‘uncoupled’ dinuclear
center particularly because their concentration is about
the same. Uncoupling may also occur upon partial
reduction of the enzyme, just as in cytochrome oxi-
w xdase 57 where the Cu becomes reduced and EPRB
silent concomitant with the appearance of the haem
a signal, possibly explaining why in the EPR spec-3
trum of NO reductase from P. stutzeri the high-spin
haem signal accounts for about one spin per enzyme
w xmolecule 20 and the gs2.009 signal is not ob-
served because the non-haem iron center is in the
ferrous state.
The steady-state kinetics of NO reduction by the
NO reductase can be described with a simple model
in which two molecules of NO bind sequentially,
w xyielding the quadratic relation between rate and NO
 .at low concentrations of NO Fig. 6 . At higher NO
concentrations substrate inhibition is observed sug-
gested to be due to binding of NO to the oxidized
  ..enzyme Eq. 3 . Indeed, the optical spectrum in Fig.
3 shows that NO does bind to the oxidized enzyme
thus providing the basis for inhibition. The value of
 .K 13.5 mM is calculated from the slope of thei
Dixon plot in Fig. 6 and is accurate to about "3
mM.
In contrast to the value K , the values for K andi 1
 .K 6.0 mM and 0.55 mM are obtained by a multi-2
 .  .parameter simulation see Fig. 6 and their apparent
values are only accurate to about a factor of 2.
Although optimal simulation of the kinetic traces
consistently require that binding of the second
molecule of NO is more firmly than that of the first
molecule of NO, the factor of 10 in affinity deter-
mined by the particular simulation as shown in Fig. 6
should not be regarded as a definitive value a value
as low as 4 was sometimes calculated from the
.simulations of other traces . Furthermore, the fit to
w xthe data at low NO shows deviations from the
( )P. Girsch, S. de VriesrBiochimica et Biophysica Acta 1318 1997 202–216214
simple model and the possibility that binding of NO
shows co-operativity cannot be ruled out. However,
given the inaccuracies related to the rate determina-
w xtions at low NO , proposing more complex models to
describe the steady-state kinetics is at present not
realistic.
A few suggestions on the mechanism of bacterial
NO reduction have been made. A very interesting
w xproposal has been put forward by Ye at al. 4 ,
inspired by the mechanism for the nitrosyl-catalysed
w xreaction of NO with CO yielding N OqCO 58 , in2 2
which binding of two molecules of NO to a single
non-haem iron center is proposed as a reaction inter-
mediate. However, in view of all the evidence favour-
ing a close structural similarity between cytochrome
oxidases and NO reductase a tentative model for NO
reduction involving both the non-haem iron and the
haem iron may be more appropriate and is presented
in Fig. 7. Accordingly, the reduction of the non-haem
iron and the haem iron is followed by protonation of
 .the bridging O H -ligand which leaves as water,
whereafter the first molecule of NO is proposed to
bind as a ligand bridging the two ferrous ions. When
the second NO comes in, this bridge is broken and
each iron atom now binds one molecule of NO. Due
to the proximity of the two molecules of NO, the
N–N bond can be formed giving the ‘N O ’-inter-2 2
mediate. Two-electron reduction of one of the ‘O’
atoms of the ‘N O ’-intermediate yields ‘O2y ’ which2 2
bridges the two Fe3q-ions while N O is liberated.2
The model for NO reduction as presented is consis-
tent with the optical, EPR and steady-state kinetic
properties determined in this work though tentative,
and it is realized that in the absence of detailed
 .pre -steady-state kinetic measurements other alterna-
tives would be consistent as well.
In conclusion, the study presented here on purified
NO reductase from Pa. denitrificans provides direct
chemical and spectroscopic evidence for the similar-
ity between the cytochrome b subunit of NO reduc-
tase and subunit I of the haem-copper oxidases sug-
gested previously on basis of the similarities between
w xtheir primary structures 24,25 . Both enzymes con-
tain a dinuclear centre consisting of a high-spin haem
coupled antiferromagnetically to a non-haem iron
 .center in NO reductase or to a copper center Cu inB
the oxidases. Further, the low-spin haem b center of
NO reductase that gives the EPR signal at g s3.53z
and the absorbance maximum at 558 nm in the
optical spectrum is the functional equivalent of, e.g.,
haem a. The second subunit of NO reductase is a
c-type cytochrome, similar in function to the c-cyto-
chrome subunit of the cb-type oxidases and equiva-
 w x.lent in function to Cu cf. Refs. 31,32 .A
Despite all the similarities between NO reductase
and cytochrome-c oxidase, the former enzyme is
apparently not a proton pump and the reduction of
w xNO to N O is not even electrogenic 3,5,37,38 .2
Whilst the absence of proton pumping by NO reduc-
tase could be due to the absence of a proton-pumping
w xchannel 27–29 , a situation that can be obtained in
cytochrome-c oxidase by making suitable mutations
w x59,60 , non-electrogenicity of the NO reductase reac-
tion is far more difficult to understand. The absence
of electrogenicity implies that the pathway of the
chemical protons in NO reductase and cytochrome-c
oxidase would be opposite, this in spite of the fact
that all transmembrane spanning a-helices are con-
served as well as the number and the topology of the
prosthetic groups. Experiments with purified NO re-
ductase embedded in closed phospholipid vesicles
might resolve the question whether or not the NO
reductase reaction is electrogenic and whether or not
the NO reductase is a proton pump just like the
w xcb-type oxidases 61 .
Acknowledgements
SdV likes to express his thanks to Prof. E.C. Slater
for his role as teacher in biochemistry and for his
stimulating support over the years.
We are gratefully acknowledge the contributions
by Mr. M.J.F. Strampraad in the initial phase of this
research.
References
w x  .1 Stouthamer, A.H. 1992 Antonie van Leeuwenhoek 61,
1–33.
w x  .2 Zumft, W.G. 1993 Arch. Microbiol. 160, 253–264.
w x  .3 Ferguson, S.J. 1994 Antonie van Leeuwenhoek 66, 89–
110.
( )P. Girsch, S. de VriesrBiochimica et Biophysica Acta 1318 1997 202–216 215
w x  .4 Ye, R.W., Averill, B.A. and Tiedje, J.M. 1994 Appl.
Environ. Microbiol. 60, 1053–1058.
w x5 Berks, B.C., Ferguson, S.J., Moir, J.W.B. and Richardson,
 .D.J. 1995 Biochim. Biophys. Acta 1232, 97–173.
w x6 Pichinoty, F., Durand, M., Job, C., Mandel, M. and Garcia,
 .J.-L. 1978 Can. J. Microbiol. 24, 608–617.
w x7 Volkl, P., Huber, R., Drobner, E., Rachel, R., Burggraf, S.,¨
 .Trincone, A. and Stetter, K.O. 1993 Appl. Environ. Micro-
biol. 59, 2918–2926.
w x8 Nakahara, K., Tanimoto, T., Hatano, K., Usuda, K. and
 .Shoun, H. 1993 J. Biol. Chem. 268, 8350–8355.
w x  .9 Goretski J. and Hollocher TC 1988 J. Biol. Chem. 263,
2316–2323.
w x  .10 Goretski, J., Zafiriou, O.C. and Hollocher, T.C. 1990 J.
Biol. Chem. 265, 11535–11538.
w x  .11 Braun, C. and Zumft, W.G. 1991 J. Biol. Chem. 266,
22785–22788.
w x  .12 Robertson, L.A. and Kuenen, J.G. 1984 Arch. Microbiol.
139, 351–354.
w x  .13 Korner, H. and Zumft, W.G. 1989 Appl. Environ. Micro-¨
biol. 55, 1670–1676.
w x14 Van Spanning, R.J., De Boer, A.P.N., Reijnders, W.N.M.,
Spiro, S., Westerhoff, H.V., Stouthamer, A.H. and Van der
 .Oost, J. 1995 FEBS Lett. 360, 151–154.
w x15 Jetten, M., Muyzer, G., Van Loosdrecht, M.C.M., Loge-
mann, S., De Vries, S., Robertson, L.A. and Kuenen, J.G.
 .1996 Antonie van Leeuwenhoek, in press.
w x  .16 Heiss, B., Frunzke, K. and Zumft, W.G. 1989 J. Bacteriol.
171, 3288–3297.
w x  .17 Carr, G.J. and Ferguson, S.J. 1990 Biochem. J. 269,
423–429.
w x  .18 Dermastia, M., Turk, T. and Hollocher, T.C. 1991 J. Biol.
Chem. 266, 10899–10905.
w x  .19 Jones, A.M. and Hollocher, T.C. 1993 Biochim. Biophys.
Acta 1144, 359–366.
w x  .20 Fujiwara, T. and Fukumori, Y. 1996 J. Bacteriol. 178,
1866–1871.
w x21 Kastrau, D.H.W., Heiss, B., Kroneck, P.H.M. and Zumft,
 .W.G. 1994 Eur. J. Biochem. 222, 293–303.
w x  .22 Zumft, W.G., Braun, C. and Cuypers, H. 1994 Eur. J.
Biochem. 219, 481–490.
w x23 De Boer A.P.N., Reijnders W.N.M. and Stouthamer A.H.
 .1995 EMBL Accession number U28078.
w x24 Van der Oost, J., De Boer, A.P.N., De Gier, J.-W.L., Zumft,
 .W.G., Stouthamer, A.H. and Van Spanning, R.J.M. 1994
FEMS Microbiol. Lett. 121, 1–10.
w x  .25 Saraste, M. and Castresana, J. 1994 FEBS Lett. 341, 1–4.
w x  .26 Saraste, M. 1990 Q. Rev. Biophys. 23, 331–366.
w x27 Tsukihara, T., Aoyama, H., Yamashita, E., Tomizaki, T.,
Yamaguchi, H., Shinzawa-Itoh, K., Nakashima, R., Yaono,
 .R. and Yoshikawa, S. 1995 Science 269, 1069–1074.
w x  .28 Iwata, S., Ostermeier, C., Ludwig, B. and Michel, H. 1995
Nature 376, 660–669.
w x29 Tsukihara, T., Aoyama, H., Yamashita, E., Tomizaki, T.,
Yamaguchi, H., Shinzawa-Itoh, K., Nakashima, R., Yaono,
 .R. and Yoshikawa, S. 1996 Science 272, 1136–1144.
w x  .30 Trumpower, B.L. and Gennis, R.B. 1994 Annu. Rev.
Biochem. 63, 675–716.
w x31 Garcıa-Horsman, J.A., Berry, E., Shapleigh, J.P., Alben,´
 .J.O. and Gennis, R.B. 1994 Biochemistry 33, 3113–3119.
w x32 Gray, K.A., Grooms, M., Myllykallio, H., Moomaw, C.,
 .Slaughter, C. and Daldal, F. 1994 Biochemistry 33, 3120–
3127.
w x  .33 Wikstrom, M. 1989 Nature 338, 776–778.¨
w x  .34 Babcock, G.T. and Wikstrom, M. 1992 Nature 356, 301–¨
308.
w x35 Wikstrom, M., Bogachev, A., Finel, M., Morgan, J.E.,¨
Puustinen, A., Raitio, M., Verkhovskaya, M. and
 .Verkhovsky, M.I. 1994 Biochim. Biophys. Acta 1187,
106–111.
w x  .36 Rich, P.R. 1995 Aust. J. Plant. Physiol. 22, 479–486.
w x  .37 Shapleigh, J.P. and Payne, W.J. 1985 J. Bacteriol. 163,
837–840.
w x  .38 Carr, G.J., Page, M.D. and Ferguson, S.J. 1989 Eur. J.
Biochem. 179, 683–692.
w x  .39 Chang, J.P. and Morris, J.G. 1962 J. Gen. Microbiol. 29,
301–310.
w x40 Hennesy, D.J., Reid, G.R., Smith, F.E. and Thompson, S.L.
 .1984 Can. J. Chem. 62, 721–724.
w x  .41 Berry, E.A. and Trumpower, B.L. 1987 Anal. Biochem.
161, 1–15.
w x  .42 Marres, C.A.M. and Slater, E.C. 1977 Biochim. Biophys.
Acta 462, 531–548.
w x  .43 Makinen, M.W. and Churg, A.K. 1983 in Iron Porphyrins
 .Part One Lever, A.B.P. and Gray, H.B., eds. , pp. 141–236,
Addison-Wesley, London.
w x  .44 Moody, A.J. and Rich, P.R. 1994 Eur. J. Biochem. 226,
731–737.
w x  .45 Kita, K., Konishi, K. and Anraku, Y. 1984 J. Biol. Chem.
259, 3368–3374.
w x  .46 Antonini, E. and Brunori, M. 1971 in Hemoglobin and
Myoglobin in their Reactions with Ligands Neuberger, A.
.and Tatum, E.L., eds. , pp. 13–40, North-Holland, Amster-
dam.
w x  .47 De Vries, S. and Albracht, S.P.J. 1979 Biochim. Biophys.
Acta 546, 334–340.
w x  .48 De Vries, S., Albracht, S.P.J. and Leeuwerik, F.J. 1979
Biochim. Biophys. Acta 546, 316–333.
w x  .49 Abragam, A. and Bleany, B. 1970 in Electron Paramag-
netic Resonance of Transition Ions Marshall, W. and
.Wilkinson, D.H., eds. , Clarendon Press, Oxford.
w x  .50 Pilbrow, J.R. 1990 in Transition Ion Electron Paramag-
netic Resonance, Clarendon Press, Oxford.
w x  .51 M. Dixon and E.C. Webb 1979 in The Enzymes, 3rd Ed.,
pp. 83–91, Longman, London.
w x  .52 Hagen, W.R. 1981 J. Magn. Res. 44, 447–469.
w x  .53 Van Gelder, B.F. and Beinert, H. 1969 Biochim. Biophys.
Acta 189, 1–24.
( )P. Girsch, S. de VriesrBiochimica et Biophysica Acta 1318 1997 202–216216
w x54 Fann, Y.C., Ahmed, I., Blackburn, N.J., Boswell, J.S.,
Verkhovskaya, M.L., Hoffman, B.M. and Wikstrom, M.¨
 .1995 Biochem. 34, 10245–10255.
w x55 Fox, S., Nanthakumar, A., Wikstrom, M., Karlin, K.D. and¨
 .Blackburn, N.J., 1996 J. Am. Chem. Soc. 118, 24–34.
w x56 Martens, C.F., Murthy, N.N., Obias, H.V. and Karlin, K.D.
 .1996 Chem. Commun. 629–630.
w x57 Aasa, R., Albracht, S.P.J., Falk, K.-E., Lanne, B. and
 .Vanngard, T. 1976 Biochim. Biophys. Acta 422, 260–272.¨ ˚
w x  .58 Mingos, D.M.P. and Sherman, D.J. 1989 Adv. Inorg.
Chem. 34, 293–377.
w x59 Thomas, J.W., Puustinen, A., Alben, J.O., Gennis, R.B. and
 .Wikstrom, M. 1993 Biochemistry 32, 10923–10928.¨
w x60 Garcıa-Horsman, J.A., Puustinen, A., Gennis, R.B. and´
 .Wikstrom, M. 1995 Biochem. 34, 4428–4433.¨
w x  .61 Raitio, M. and Wikstrom, M. 1994 Biochim. Biophys.¨
Acta 1186, 100–106.
